The thermoelectric voltage produced across a superconductor-normal metal-superconductor (SNS) sandwich by an applied heat current has been measured in Pb-Cu-PbBi and In-Al-Sn as a function of temperature. The observed divergence of the thermoelett~kvoltage near Tc is attributed to a charge imbalance region decaying into the superconductor from the NS interface over the quasiparticle diffusion length AQ*' The charge imbalance is generated by thermoelectrically driven quasiparticle currents in the superconductor. It contributes a voltage per unit heat power given by Vs/P = AQ*S/KA, where A is the sample cross-sectional area, and S and K are the thermopower and the thermal conductivity of quasiparticles in the superconductor. For Pb and In, we find the measured thermopower in the superconducting state to be slowly-varying with temperature near Tc and consistent in magnitude with normal state values. This result is in agreement with theoretical predictions of thermoelectric effects in superconductors but contrary to previous experimental results obtained by other methods.
I. INTRODUCTION
The idea that the quasiparticles in a superconductor are driven by a temperature gradient, first proposed by Ginzburg 1 , has been widely discussed 2-4 recently and is generally accepted. However, experimental investigations of the thermoelectric effect have yielded conflicting results. Theoretically, it is predicted that the thermoelectric coefficient LT describing the quasiparticle current jn = LT(-~T) should be continuous with the value of LT in the normal state at T=Tc and roll-off smoothly to zero as T decreases.
Instead, measurements of the thermoelectrically~enerated magnetic flux in bimetallic superconducting rings 4 -6 have suggested that LT diverges weakly -k
at Tc as (Tc-T) 2 , becoming several orders of magnitude larger than the normal state coefficient. On the other hand, investigations of the polarity asymmetry of the critical current in clean superconducting point contacts with a temperature gradient 3 • 7 have observed no thermoelectric current at all.
In this paper, we report the observation of a thermoelectric voltage in excess of the contribution from the normal metal region in superconductornormal-superconductor (SNS) sandwiches with an applied uniform heat current.
We attribute the excess voltage to a charge imbalance region generated by thermoelectric currents in the superconductors. Measurement of the temperature dependence of the excess voltage enables a determination of the thermoelectric coefficient LT in the superconducting state near the transition temperature.
For superconducting Pb and In, we find LT to be slowly-varying and consistent with expected normal state values at Tc' in agreement with theories of thermoelectricity in superconductors 8 . 
II. THEORETICAL DESCRIPTION
We begin by describing the mechanism for the generation of charge imbalance at an NS interface by thermoelectric currents, first suggested by Artemenko and Volkov 9 . A charge imbalance exists in a superconductor whenever the quasiparticle distribution fk is perturbed from equilibrium in such a way that the net charge per unit volume of the quasiparticles, Q* is non-zero. In order to conserve total electronic charge, the condensate charge must then compensate by a shift of the pair chemical potential ~s from its equilibrium value. As discussed by Waldram 10 , Pethick and Smith 11 , and others, the difference in chemical potentials may be related to Q* by ( 1 ) where N(O) is the single spin electronic density of states and qk is the charge of the quasiparticle in the state k. In our notation, qk varies from an electron charge e for k>>kF to a hole charge -e for k<<kF' where kF is the Fermi wavevector. The quantity ~n in Eq. (1) is the quasiparticle chemical potential, which depends only on the number of electrons and the temperature; it should not be confused with the effective potential ~n of Pethick and Smith 11 used to model the non-equilibrium quasiparticle distribution.
Like the conduction electrons in a normal metal, the quasiparticles in a superconductor respond to external fields according to the transport equation (2) where a is the electrical conductivity and ¢n the electrochemical potential of the quasiparticles. The electrical driving force on the quasiparticles 
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Here AQ* is the usual quasiparticle diffusion length characterizing the spatial decay of charge imbalance given by (7) where ~ is the mean free path and vF is the Fermi velocity.
We consider a perfect normal metal-superconductor (NS) interface with an applied uniform heat current density U = Ux, as shown in Fig. l(a) .
We assume that the superconductor is near its transition temperature Tc so that the dominant heat flow is by quasiparticle conduction; the temperature gradients inN and S are then each uniform (although not necessarily equal).
In (6) in one-dimension, requiring jn = js = 0 at the interface (x=O) and noting that in this case v 2 T = 0. We find
where S = LT/o is the corresponding thermopower of the superconductor. The that the quasiparticle current is accompanied by an equal and opposite supercurrent so that the net current is zero everywhere.
A charge imbalance proportional to vT is thus generated near an NS interface by thermoelectric currents when heat flows into the superconductor.
By symmetry, heat extraction creates an imbalance of the opposite sign.
We should no~that the interaction of the superfluid counterflow with the temperature gradient also produces a uniform charge imbalance in the superconductor proportional to (7T) The voltage across the SNS 1 sandwich is the sum of the thermoelectric voltage of the normal region ( 10) where LN is the thickness, and a contribution from the charge imbalance region in the superconductor given by Eq. (9):
Since the total heat flow P through the sample is uniform, we may write the voltage in the additive form
where A is the cross-sectional area and KN = P/A(~T)N and K = P/A~T are the thermal conductivities of N and S respectively. The effect of the charge imbalance is to add to the thermoelectric voltage an amount equivalent to a length AQ* of a normal metal characterized by the coefficients S and K.
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In the absence of pair-breaking mechanisms, the charge imbalance relaxation time near T is given by 11 • 16 c
where 'E is the inelastic electron-phonon scattering time at the Fermi level for T=T . The second form is obtained by assuming a BCS superconductor c k:
for which ~(t)~1.74~(0)(1-t) In Fig. 4(a) we plot the measured resistance of a Pb-Cu-PbBi sandwich as a function of temperature. At low temperatures, the resistance is slowly varying, but as T is increased, R exhibits a divergence at the Pb transition temperature, Tc = 7.2K. We attribute the divergence to the excess resistance of the charge imbalance region in the Pb. To extract the contribution from the superconductor, Rs, we first fit the resistance to a polynomial below 4K, over which range the charge imbalance contribution is negligible. Since the Cu is expected to be in the residual resistance regime at these temperatures, the appreciabetemperature dependence of the resistance indicates that the NS and NS' interfaces are not perfectly metallic 21 , probably containing patches of oxides. The excess resistance above the parameterized fit, extrapolated to higher temperatures as shown in Fig. 4(a), is identif1ed with Rs.
11.
Theoretically, R 5 is given by the second term in brackets in Eq. (14).
Using Eqs. (7) and (13), we may separate out the explicit temperature dependence in the expression (15) In this equation, all of the parameters except p may be directly measured or obtained from the literature. Hence, in Fig. 4 (bJ we plot R 5 vs. bZ(t)(l-t) "];the inset shows the universal function Z(t). From the -8 22 slope, we find p = 3. lxlO Q-cm, using the calculated value of -11 TE = 2.3xl0 sec. This corresponds to a quasiparticle diffusion length g1ven by AQ* = AQ*(O)(l-tJ-~ , where AQ~(O) = 2.7 ~m.
In Fig. 5(a) , we plot the thermoelectric voltage per unit power across the Pb-Cu-PbBi sandwich vs. temperature. The negative bump in the thermoelectric voltage centered at 4K is characteristic of the thermopower ot cu 20 ; the bump arises from the Kondo effect caused by magnetic impurities. Near lc, however, we observe a negative divergence of the measured voltage, evidence for charge imbalance generation by the thermoelectric currents in the Pb. 8y subtracting the extrapolated curve drawn in Fig. 5(a) , we again separate the contribution attributed to the superconductor, Vs, which vte identify with the second term of Eq. (12).
In order to isolate the explicit temperature dependence of AQ*' we may write ( 16) 12.
We use the value of AQ*(O) = 2.7 ~m obtained from the SNS' resistance, and estimate the thermal conductivity of the Pb from the measured electrical resistivity assuming the Wiedemann-Franz law, K/oT = L 0 , where L 0 is the
Lorenz number (L 0 = 2.45x10 V /K ). The only unknown coefficient is the thermoelectric power of the Pb, S, which we determine by plotting Vs/P vs. Fig. S(b) . It is important to note that the proportionality of V5/P to the expected temperature variation of AQ* indicates that S is itself not strongly temperature dependent. A divergence of s~(l-t)-l/Z in the superconducting state had been suggested by bimetallic ring experiments~ From the slope of the curve in Fig. 5(b) , we deduce a value df S = -7.8xlo-7 v;K near Tc.
In our configuration, we were unable to measure the normal state thermopower of the Pb section of the sample directly. However, pure Pb Further experiments are being conducted to eliminate some of the uncertainties in the measurements. First of all, it 1s necessary to fabricate better NS interfaces, eliminating oxide barriers and reducing alloying.
Secondly, because of the extreme sensitivty of the thermopower of metals to impurities and defects, it is essential to make a direct measurement of the normal state thermopower in the sample used so that a direct comparison between the normal and superconducting state values can be made. 
